Background: Down syndrome (DS) is the most prevalent genetic cause of intellectual disability. Early-onset Alzheimer's disease (AD) frequently develops in DS and is characterized by progressive memory loss and Behavioural and Psychological Signs and Symptoms of Dementia (BPSD). Predicting and monitoring the progression of AD in DS is necessary to enable adaptive caretaking. Objective: Reliable blood biomarkers that aid the prediction of AD are necessary, since cerebrospinal fluid sampling is rather burdensome, particularly for people with DS. Here, we investigate serum levels of eight biogenic amines and their metabolites in relation to dementia staging and probable BPSD items. Methods: Using RP-HPLC with electrochemical detection, (nor)adrenergic (NA/A and MHPG), serotonergic (5-HT and 5-HIAA) and dopaminergic (DA, HVA and DOPAC) compounds were quantified in the serum of DS subjects with established AD at baseline (n=51), DS subjects without AD (n=50), non-demented DS individuals that converted to AD over time (n=50), and, finally, healthy non-DS controls (n=22). Results: Serum MHPG levels were significantly lower in demented and converted DS subjects (P<0.0001) compared to non-demented DS individuals and healthy controls. Those subjects with MHPG levels below median had a more than tenfold increased risk of developing dementia. Furthermore, significant correlations were observed between monoaminergic serum values and various probable BPSD items within each DS group. Conclusion: Decreased serum MHPG levels show great potential as biomarker to monitor and predict conversion to AD in DS. Moreover, significant monoaminergic alterations related to probable BPSD items, suggesting that monoaminergic dysregulation is an underlying biological mechanism, and demonstrating the need to develop a validated rating scale for BPSD in DS.
Serum MHPG Strongly Predicts Conversion to Alzheimer's Disease in Behaviourally Characterized
Subjects with Down Syndrome 
Introduction
Down syndrome (DS) or trisomy 21 is the most common genetic cause of intellectual disability, with an incidence of approximately 1 in 650-1000 live births (Bittles and Glasson, 2004) . Apart from their distinctive appearance, people with DS face increased mortality rates and an earlier onset of aging compared to the general population, including the development of early-onset Alzheimer's disease (AD) (Bittles and Glasson, 2004; Lott and Dierssen, 2010; Zigman and Lott, 2007) . The increased risk for AD in DS is explained by the triplication of the amyloid precursor protein (APP) gene, encoded on the human chromosome 21 (HSA21), yielding higher levels of APP and its secretase product amyloid-β (Aβ) (Ness et al., 2012) . Neuropathological investigations revealed that accumulation of Aβ in DS starts as young as eight years and increases progressively with age (Leverenz and Raskind, 1998; Wilcock, 2012; Wisniewski et al., 1985) .
Apart from progressive memory loss, 50% to 80% of the AD patients in the general population present Behavioural and Psychological Signs and Symptoms of Dementia (BPSD), such as aggression, depression, psychosis and sleep disturbances (Borroni et al., 2010; Finkel et al., 1996; Vermeiren et al., 2013) . One or more of these symptoms could be acquired before, around or after the clinically established AD diagnosis and contribute to dementia severity, e.g. leading to a severe burden on family and caretakers (Finkel, 2000; Weamer et al., 2009) .
In DS, the decline of episodic memory prior to the AD diagnosis is mostly preceded or accompanied by alterations in behaviour, personality and executive dysfunction (Ball et al., 2010) . In AD and other dementia subtypes, BPSD are diagnosed and evaluated using specific questionnaires, such as the Middelheim Frontality Score (De Deyn et al., 2005) , Neuropsychiatric Inventory (Cummings et al., 1994) and Behavioral Pathology in AD (BEHAVE-AD) (Reisberg et al., 1996 (Reisberg et al., , 1987 . For DS, however, no validated BPSD rating scales are available.
Identifying neurochemical correlates of BPSD is important for biomarker development and to increase the general understanding of the underlying pathophysiological mechanisms. Previous studies reported altered levels of biogenic amines (i.e. the monoaminergic neurotransmitters and their metabolites) in relation to individual BPSD items (Engelborghs et al., 2008; Engelborghs and De Deyn, 1997; Herrmann et al., 2004; Lanari et al., 2006; Lanctôt et al., 2001) . For instance, increased noradrenaline (NA) levels and decreased values of serotonin (5-HT) and its major metabolite 5-hydroxyindoleacetic acid (5-HIAA) were found in the CSF of AD patients (Engelborghs and De Deyn, 1997; Herrmann et al., 2004; Lanctôt et al., 2001) .
However, relative invasive CSF sampling procedures are particularly undesirable in DS, illustrating the need for peripheral blood biomarkers. Previously, plasma concentrations of homovanillic acid (HVA) and 5-HIAA have been reported to accurately indicate alterations in regard to dopamine (DA) and 5-HT metabolism in the brain (Coppus et al., 2007; Kendler et al., 1982; Kopin, 1985; Meltzer, 1989) . Moreover, the (nor)adrenergic metabolite 3-methoxy-4-hydroxyphenylglycol (MHPG) diffuses freely over the blood-brain barrier (BBB), thereby reflecting central NA activity (DeMet and Halaris, 1979; Elsworth et al., 1982; Herrmann et al., 2004; Kopin, 1985) .
Here, we detected and quantified NA/A and their metabolite MHPG, 5-HT and its metabolite 5-HIAA, and DA with its metabolites HVA and 3,4-dihydroxyphenylacetic acid (DOPAC) in the serum of DS subjects with AD (demented), without AD (non-demented) and those who were not demented at intake but converted to AD over time. Finally, a healthy non-DS control group was equally assessed. Blood sampling was performed once, at intake, together with the initial diagnosis of AD. To establish conversion to AD in DS, a yearly follow-up was conducted using validated functional questionnaires for dementia in DS. In addition, the monoaminergic serum concentrations were associated with probable BPSD items within each DS group. As no validated rating scales for BPSD in DS are present, these behavioural alterations were extracted from the functional questionnaires.
Materials & Methods

Human serum samples
The 151 DS subjects in the current study are part of the well-documented and previously published Rotterdam DS cohort (Coppus et al., 2012 (Coppus et al., , 2007 (Coppus et al., , 2006 . In short, all participants were enrolled between 1 December 1999 and 1 December 2003 at an age of 45 years or older (Erasmus MC Rotterdam METc protocol number: MEC 185.974/1999/202) . Written informed consent to participate and to provide blood samples was obtained from legal representatives (relatives and/or caretakers), after written information was provided. Written consent was also obtained from persons with DS who had the mental capacity to consent. Interindividual differences were reduced by taking fasting morning blood samples, thereby minimizing potential circadian monoaminergic alterations and effects of food intake. Blood sampling was conducted once, at intake and serum was stored at -20°C. Sample selection criteria included the presence of completed questionnaires and the presence of reference HVA and 5-HIAA plasma concentrations that were previously determined to establish whether significant sample degradation would have occurred over time (Coppus et al., 2007) . Furthermore, hemolytic sera were excluded. Serum of 22 healthy, age-matched non-DS control individuals was obtained from the Antwerp Biobank of the Institute Born-Bunge. Information regarding the use of psychotropic medication was available for 149 DS and all control subjects.
AD assessment
The Special Interest Research Group on Aging of the International Association for the Scientific Study of Intellectual Disabilities (IASSID) recommended the use of the International Classification of Diseases (ICD)-10 from the World Health Organization to diagnose dementia in adults with intellectual disabilities (Aylward et al., 1997; Burt and Aylward, 2000; World Health Organization, 2010) . These criteria put more emphasis on non-cognitive symptoms, which are often prominent signs of dementia in adults with intellectual disabilities. Importantly, ICD-10 criteria have been modified for use in adults with intellectual disabilities. It has been shown that the AD criteria of the ICD-10 and the Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition) diagnosed dementia in the same adults with DS (Holland et al., 1998) and that these diagnostic criteria show 'substantial reliability and satisfactory validity' in other intellectual disabilities as well (Strydom et al., 2013 ).
In our study, patients were systematically screened for dementia and examined in person by a clinician. The demented individuals met the ICD-10 criteria at intake and had an insidious and progressive course of the disease. In addition, validated functional questionnaires, resp. Dementia Questionnaire for persons with an intellectual disability (DMR) (Evenhuis et al., 1998) , Social Competence Rating Scale for persons with an intellectual disability (SRZ) (Kraijer et al., 2004) and Vineland adaptive behaviour scales were prospectively completed by family or caretakers every twelve months (continues until present if the subject is still alive). Based on the AD assessment at intake (ICD-10) and the follow-up until January 2013 (DMR, SRZ and Vineland), three diagnostic groups were defined: (1) demented, (2) converted and (3) non-demented DS subjects. The second group converted before 2007, i.e. AD conversion was clinically established within 3 to 7 years follow-up after blood sampling.
RP-HPLC
Serum biogenic amines and their metabolites were analysed using RP-HPLC with ionpairing and amperometric electrochemical detection . All eight biogenic amines and their metabolites were analysed in one run, with MHPG having the shortest retention time and 5-HT the longest.
Chemicals
Citric acid monohydrate, potassium chloride, octan-1-sulfonic acid sodium salt (OSA) and phosphoric acid (all analytical grade) were purchased from Merck (Darmstadt, Germany), methanol (HPLC grade) from Biosolve (Valkenswaard, The Netherlands) and Na 2 EDTA from GibcoBRL (Life Technologies, Paisley, UK). Ultrapure water was obtained using a Milli Q apparatus (Millipore, Bedford, MA, USA). For the standards, MHPG (as potassium sulphate salt), NA (as hydrochloride), A (as free base), DA (as hydrochloride), DOPAC, 5-HIAA, HVA (as free acid) and 5-HT (as hydrochloride) were purchased from Sigma-Aldrich (Bornem, Belgium) with a minimum purity of 99%, which was also the case for dihydroxybenzylamine hydrochloride (DHBA) and 5-hydroxy-N-methyl tryptamine oxalate (5-HMT) that both served as internal standards.
Instrumentation
An Alexys
TM Dual Monoamines Analyzer (Antec Leyden BV, Zoeterwoude, The Netherlands) was used. Two LC 110 pumps established constant flow rates of 40 µl/min. Separations were achieved with two parallel microbore ALF-125 columns (250 mm x 1 mm, 3 µm particle size, 36°C) with a porous C 18 silica stationary phase. The biogenic amines and their metabolites were detected at 670 mV using two Decade II electrochemical amperometric detectors with VT03 electrochemical flow cells. Each flow cell contained an In Situ Ag/AgCl (ISAAC) reference electrode and a glassy carbon working electrode of 0.7 mm. Sample injection of 5 µl was conducted by an Alexys TM AS 100 automatic sample injector. Output ranges were respectively 2 nA and 500 pA.
Solutions
The mobile phase consisted of 50 mM phosphoric acid, 50 mM citric acid, 0.1 mM EDTA, 8 mM KCl, 1.8 mM OSA and 13% methanol. Addition of OSA induced ion-pairing with the biogenic amines on the column, yielding optimal separation factors and retention times. pH was adjusted to 3.6 with 50% NaOH. Using 10 ml solution of similar composition, except methanol, a standard stock solution of sample buffer was prepared including MHPG, NA, A, DOPAC, DHBA (internal standard 1), 5-HIAA, DA, HVA, 5-HT and 5-HMT (internal standard 2). From this stock, 11 standard solutions were made with increasing concentration gradients.
Serum preparation
Serum samples were centrifuged at 26000 x g for 20 min at 4°C. Pre-column separation was conducted using Amicon® Ultra 0.5 Centrifugal Filters (Millipore, Ireland), which detain proteins with a molecular weight of 3000 Da or more. These Amicon filters were first washed twice with 450 µl of sample buffer (without methanol) and centrifuged (14000 x g, 25 min, 4°C). Then, 450 µl serum supernatant was added and centrifuged again (14000 x g, 40 min, 4°C). The obtained filtrate was divided into three fractions: an undiluted fraction, a 4x diluted fraction and a 10x diluted fraction. Of both diluted fractions, 5 µl was simultaneously injected onto both ALF-125 columns.
Data analysis
Chromatograph analysis was performed using Clarity TM software (DataApex Ltd., 2008, Prague, Czech Republic) . The height of a chromatographic peak (in nA) was used as measure of the amount of substance, given its overall robustness and reliability in case of overlapping peaks and minimal variations in flow rate, temperature and pressure. Quantification was achieved by plotting these results on a linear calibration curve, which was established with eleven different standard concentrations. Preferentially, the 4x diluted fraction was used to calculate the average concentrations from both detectors. If values were out of range, calculations were conducted using the 10x diluted fraction.
Extraction of individual BPSD items from DMR and SRZ questionnaires
Several questions from the DMR and SRZ questionnaires that might fit one of the seven categories of the BEHAVE-AD rating scale (Reisberg et al., 1996 (Reisberg et al., , 1987 were selected. Four out of seven probable BPSD items could be extracted, namely paranoid and delusional ideation, affective disturbances (subdivided into apathy, isolation and depression), aggressiveness and diurnal rhythm disturbances. Table 4 .1 shows the probable BPSD items and the related questions. SRZ scores ranged from 1 to 4; DMR scores ranged from 0 over 1 to a maximum score of 2. To establish the presence or absence of a particular behavioural trait, the ranges of SRZ and DMR scores per question were pooled into a binominal score (present/absent).
Statistics
Whether serum levels of all eight components were normally distributed in each group was determined using histograms and a Shapiro-Wilk test (P<0.05 
Results
Population demographics
Demographic data are summarized in Table 4 .2. Groups were gender-matched, but not fully age-matched. More specifically, demented as well as converted DS individuals were significantly older at the moment of inclusion compared to the non-demented DS subjects (P=0.00001 and 0.002, respectively), whereas the age difference between the nondemented DS group and the healthy, non-DS control group barely reached the significance level (P=0.046). No significant differences in BMI were observed between the groups. Among the 151 included DS subjects, 105 were medication-free at the moment of blood sampling. Clearly, an elevated number of individuals in the demented group used psychotropic medication (antipsychotics and antiepileptic medication), compared to the converted and non-demented DS subjects. Out of the three groups, the converted DS subjects were most 'medication-free' (approximately 82%) (Table 4 .2). DMR question 38) were more commonly present in the demented group (P=0.004) compared to the converted and non-demented subjects. Moreover, significantly higher scores for apathy (DMR 21, P=0.008) and aggressiveness (SRZ 19, P=0.008) were found in the demented DS individuals as compared to the other two groups. Finally, isolation (DMR 24, P=0.0004) was the most common in the converted group, compared to the demented and non-demented subjects. Abbreviations: DMR, Dementia Questionnaire for persons with an intellectual disability; SRZ, Social Competence Rating
Scale for persons with an intellectual disability. Age at the moment of blood sampling (in years) and BMI at the moment of blood sampling (weight (kg)/length (m 2 )) are expressed as median with interquartile ranges (25% -75%) between parentheses. The number of subjects is provided as well. A Pearson's Chi-Square test was used for comparison of the gender ratios and usage of medication. Non-parametric KruskalWallis statistics with post-hoc Mann Whitney U were performed to evaluate age and BMI between the four groups. Significant differences (P<0.05) between specific groups are indicated with symbols: § (demented vs. non-demented), ‡ (converted vs. nondemented) and € (controls vs. non-demented). Moreover, the number of individuals that were medication-free or took psychotropic medication (antipsychotics, antidepressants and/or antiepileptics) are listed for each DS group; Abbreviations: n.a., not applicable.
Comparison of the serum concentrations of biogenic amines and their metabolites between demented, converted and non-demented DS groups and healthy controls
Using non-parametric Kruskal-Wallis statistics with post-hoc Mann Whitney U tests, the serum concentrations of the biogenic amines and their metabolites were compared between the three studied DS groups and healthy control individuals. In addition, the accompanying ratios of MHPG:NA (indicating noradrenergic catabolism), DOPAC:DA and HVA:DA (both indicating dopaminergic catabolism), 5-HIAA:5-HT (indicating serotonergic catabolism) (Brent and Chahl, 1991; Widmann and Sperk, 1986) and HVA:5-HIAA (indicating the inhibitory effect of the serotonergic system on dopaminergic neurotransmission) (Jenner et al., 1983; Kelland et al., 1990) were calculated and compared between the four groups (Table 4. 3).
Comparing the monoaminergic data of the control individuals with the three DS groups revealed that serum levels of NA, its metabolite MHPG and 5-HT were reduced in DS, regardless of their diagnostic category. On the contrary, serum levels of DA and its metabolite HVA were significantly increased in all DS groups compared to controls (Table  4. 3).
In total, 13 significant differences in the serum concentrations of biogenic amines and their metabolites were observed between the three DS groups. Whereas the converted subjects were clinically diagnosed as 'non-demented' at the moment of blood sampling, the monoaminergic composition of serum was already significantly altered. Strikingly, the converted group had the lowest serum concentrations for five out of eight compounds. Serum concentrations and ratios are expressed as median with interquartile range (25%-75%) between parentheses for all subjects and for those free of any psychotropic medication. The number of subjects is provided as well. A Kruskal-Wallis test with post-hoc Mann Whitney U was performed to statistically identify significant differences between the three groups. Significant differences between two groups are indicated with symbols: § (demented vs. non-demented), # (demented vs. converted), ‡ (converted vs. non-demented), * (controls vs. demented), ¶ (controls vs. converted) and € (controls vs. non-demented). Significant differences with P<0.001 and P<0.0001 are respectively indicated with two and three symbols. Abbreviations: 5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, serotonin; A, adrenalin; DA, dopamine; DOPAC, 3-4-dihydroxyphenylacetic acid; HVA, homovanillic acid; MHPG, 3-methoxy-4-hydroxyphenylglycol; NA, noradrenalin; n.a., not applicable.
However, the question arises whether the measured monoaminergic alterations are influenced by the use of psychotropic medication. As previously described, a higher number of subjects in the demented group used antipsychotic, antidepressant and/or antiepileptic medication, compared to the other two study groups. In order to exclude confounding effects of medication intake, the same statistical analyses were conducted, only including the medication-free subjects (Table 4. 3).
Indeed, a comparison between the total and medication-free population in table 3 illustrated that psychotropic medication affected the levels of biogenic amines and their metabolites in serum to a certain level. However, the majority (10 out of 13) of the significant results remained present after exclusion of DS subjects on psychotropic medication (Table 4. 3). Furthermore, the converted group retained the lowest values for five out of eight compounds.
Serum MHPG levels were significantly decreased in demented and converted DS subjects
Serum MHPG concentrations were significantly lower in the demented and converted DS groups, compared to the non-demented DS subjects and healthy controls (P<0.0001). The comparison of the total and medication-free population in Table 4 .3 demonstrates that this strong significant difference remains unaltered after exclusion of DS subjects on psychotropic medication, illustrating the robustness of this finding. In addition, serum levels of NA and A, both precursors of MHPG, were significantly altered between the three diagnostic categories as well, with the lowest values being observed in the converted group. Comparison of the MHPG:NA ratio between the groups also led to highly significant P-values (Table 4. 3). As there is no standardized reference for a normal range of serum MHPG in persons with DS, the median value of MHPG was used as a cut-off point for defining 'high' MHPG serum levels (resp. >21.5 ng/ml for the entire group (n=151) and >21.37 ng/ml for the medication-free DS population (n=105)) versus 'low' serum levels of MHPG (resp. <21.5 and <21.37 ng/ml) at baseline. Subsequently, the Kaplan-Meier life table methods and the Cox proportional hazards model were used to estimate the hazard ratio of dementia. As depicted in Figure 4 .1, the non-demented DS individuals in the entire group with serum MHPG levels below the median (<21.5 ng/ml) had a more than tenfold increased risk of developing dementia: 10.17 (95%CI = 4.64-22.32). Interestingly, individuals in the medication-free population with serum MHPG levels below median (<21.37 ng/ml) had an even higher risk to develop dementia: 12.124 (95%CI = 4.878-30.135; data not shown).
Effect of psychotropic medication on monoaminergic serum values
To reveal specific medication effects on certain biogenic amines and metabolites, the obtained serum concentrations were compared between medication-free DS subjects and those on psychotropic medication (antipsychotics, antidepressants and/or antiepileptic medication) within each diagnostic category. Within the demented group, DS subjects on antidepressants had decreased serum concentrations of HVA (P=0.012; n=6) and 5-HT (P=0.01; n=5) and an increased 5-HIAA:5-HT ratio (P=0.012; n=5). Furthermore, HVA levels were diminished in demented DS subjects on antiepileptics (P=0.042; n=16). Regarding the converted group, no significant medication-effects were observed. Finally, a significantly higher HVA:DA ratio was found in non-demented DS subjects on antidepressants (P=0.034; n=4).
Serum MHPG levels significantly correlate with plasma Aβ1-40 and Aβ1-42 levels Previously, Coppus et al. (2012) compared the plasma levels of Aβ 1-40 and Aβ 1-42 between demented, converted and non-demented DS subjects in the entire Rotterdam DS cohort. Using a non-parametric Spearman's Rank Order Correlation test, we correlated our monoaminergic data with these previously measured Aβ 1-40 and Aβ 1-42 levels in each group and found interesting associations between Aβ levels and the noradrenergic neurotransmitter system. More specifically, in the demented DS group, MHPG levels, as well as the MHPG:NA ratios, were significantly (positively) correlated with Aβ 1-40 levels (P=0.013, r= +0.345, n=51 and P=0.003, r= +0.426, n=47, respectively). Moreover, MHPG:NA ratios of the same group were also inversely associated with Aβ 1-42 :Aβ 1-40 ratios (P=0. 005, r= -0.405, n=46) . Surprisingly, in the non-demented DS subjects, MHPG levels were inversely correlated with Aβ 1-40 levels (P=0.017, r= -0.337, n=50), which is the opposite if we look at the correlation results in the demented DS group.
In the subsequent sections, the serum concentrations of the biogenic amines and their metabolites are related to individual BPSD items within each diagnostic category. However, due to an unevenly distributed number of DS patients on psychotropic medication versus medication-free individuals, all DS subjects were included in each group, thereby taking the aforementioned medication-effects into account.
Comparison of monoaminergic serum values related to individual BPSD items within the demented DS group
A Mann Whitney U test compared the monoaminergic data based upon the binominal scores, i.e. absence or presence of a particular, individual BPSD item, within the demented group. Table 4 .4 only comprises statistically significant results, with values below P=0.05/3=0.0167 (Bonferroni correction for multiple comparisons) printed in bold. Two out of four apathy-related DMR questions (see Table 4 .1 for all questions) showed that serum A concentrations were significantly higher in apathetic DS individuals (P=0.005). Serum NA levels and MHPG:NA ratios were also altered between depressed and nondepressed subjects in one out of four depression-related questions, although statistical significance was not maintained following Bonferroni correction. Moreover, the results showed that aggressive individuals had significantly lower DA levels (P=0.011) than the non-aggressive individuals. Finally, no significant differences were observed for diurnal rhythm disturbances. Paranoid and delusional ideation, affective disturbances (apathy and depression), aggressiveness and diurnal rhythm disturbances are enlisted, together with the DMR or SRZ questionnaires from which they were extracted. Serum concentrations and ratios are expressed as median with interquartile range (25%-75%) between parentheses. The number of subjects is provided as well. Using a Mann-Whitney U test, the monoaminergic data was compared using the pooled binominal scores of these questions, i.e. presence or absence of a particular behavioural characteristic. Only significant results (P<0.05) are enlisted and those with P<0.0167 (Bonferroni correction) printed in bold. Abbreviations: 5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, serotonin; A, adrenalin; DA, dopamine; DMR, Dementia Questionnaire for persons with an intellectual disability; HVA, homovanillic acid; MHPG, 3-methoxy-4-hydroxyphenylglycol; NA, noradrenalin; SRZ, Social Competence Rating Scale for persons with an intellectual disability. Table 4 .5 enlists the significantly altered monoaminergic serum values of converted DS subjects with or without a specific, individual BPSD item. Only those differences which remained statistically significant following Bonferroni correction are mentioned below The DOPAC:DA ratio was increased in apathetic subjects compared to their non-apathetic counterparts (P=0.003). Additionally, regarding depression, decreased NA levels (P=0.016) and DOPAC:DA ratios (P=0.001) were observed. No significant results were obtained for paranoid and delusional ideation. Affective disturbances (depression), aggressiveness and diurnal rhythm disturbances are enlisted, together with the DMR or SRZ questionnaires from which they were extracted. Serum concentrations and ratios are expressed as median with interquartile range (25%-75%) between parentheses. The number of subjects is provided as well. Using a Mann-Whitney U test, the monoaminergic data was compared using the pooled binominal scores of these questions, i.e. presence or absence of a particular behavioural characteristic. Only significant results (P<0.05) are enlisted and those with P<0.0167 (Bonferroni correction) printed in bold. Abbreviations: 5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, serotonin; A, adrenalin; DA, dopamine; DMR, Dementia Questionnaire for persons with an intellectual disability; DOPAC, 3-4-dihydroxyphenylacetic acid; HVA, homovanillic acid; NA, noradrenalin; SRZ, Social Competence Rating Scale for persons with an intellectual disability. Table 4 .6 enlists the significantly altered monoaminergic serum values of non-demented DS subjects with or without a specific, individual BPSD item. Again, only those differences which remained statistically significant following Bonferroni correction are mentioned below. Based on DMR 30, a decrease was observed for serum A levels in apathetic DS subjects compared to non-apathetic DS subjects (P=0.013). Moreover, NA concentrations, as well as 5-HIAA:5-HT ratios were significantly higher in aggressive DS subjects compared to their non-aggressive counterparts (P=0.012 and 0.016, respectively). No significant results were obtained for isolation, depression and diurnal rhythm disturbances. Paranoid and delusional ideation, affective disturbances (apathy) and aggressiveness are enlisted, together with the DMR or SRZ questionnaires from which they were extracted. Serum concentrations and ratios are expressed as median with interquartile range (25%-75%) between parentheses. The number of subjects is provided as well. Using a Mann-Whitney U test, the monoaminergic data was compared using the pooled binominal scores of these questions, i.e. presence or absence of a particular behavioural characteristic. Only significant results (P<0.05) are enlisted and those with P<0.0167 (Bonferroni correction) printed in bold. Abbreviations: 5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, serotonin; A, adrenalin; DA, dopamine; DMR, Dementia Questionnaire for persons with an intellectual disability; HVA, homovanillic acid; MHPG, 3-methoxy-4-hydroxyphenylglycol; NA, noradrenalin; SRZ, Social Competence Rating Scale for persons with an intellectual disability.
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Comparison of monoaminergic serum values related to individual BPSD items within the converted DS group
Comparison of monoaminergic serum values related to individual BPSD items within the non-demented DS group
Discussion
Using RP-HPLC with electrochemical detection, serum levels of NA/A and their metabolite MHPG, 5-HT and its metabolite 5-HIAA and DA with its metabolites HVA and DOPAC were quantified and compared between demented, converted and non-demented DS subjects with respect to probable BPSD items within each group. Most striking were the significantly lower serum MHPG levels in the demented and converted DS subjects (P<0.0001), both with and without exclusion of psychotropic medication, indicating that the (nor)adrenergic metabolism might be disturbed depending on the presence or absence of AD. Decreased serum MHPG levels thus show great potential as biomarker to monitor and predict conversion to AD in DS. We demonstrated that in the entire DS population, the non-demented subgroup with serum MHPG levels below median had a more than tenfold increased risk of developing dementia. In the medication-free population, this risk increased to more than twelve times. In addition, the various significant differences between the three DS groups demonstrate an ongoing process of monoaminergic alterations in serum, potentially indicating one or more prognostic serum factors for conversion to AD in DS. Whereas the converted group was clinically diagnosed as 'non-demented' at the moment of blood sampling, the monoaminergic composition of serum already differed significantly. That is, the converted group had the lowest serum levels for five out of eight monoaminergic compounds. Furthermore, significant monoaminergic alterations were related to probable BPSD items -paranoid and delusional ideation, apathy, depression, aggressiveness and diurnal rhythm disturbances. These promising results illustrate the need to develop a validated rating scale for BPSD in DS.
Serum levels of biogenic amines and their metabolites in relation to DS and AD
In the subsequent sections the alterations the noradrenergic, serotonergic and dopaminergic systems will be discussed in the context of DS and AD. For a detailed and comprehensive review on the complex relation between monoaminergic alterations and AD, see Trillo et al. (2013) .
Noradrenergic system
NA is the primary neurotransmitter of the sympathetic branch of the peripheral nervous system, but is also present in the brain (Herrmann et al., 2004) . NA is produced from DA and subsequently converted into various metabolites, predominantly MHPG (Eisenhofer et al., 2004; Herrmann et al., 2004) . In contrast to its precursor NA, MHPG diffuses freely over the BBB. Therefore, Hermann et al. (2004) advocated measurements of peripheral MHPG levels to enable an accurate interpretation of the noradrenergic metabolism in the brain. Interestingly, noradrenergic aberrations are associated with DS. The neurons of the locus coeruleus (LC) constitute the primary source of NA in the brain (Trillo et al., 2013) and a marked loss of those neurons has been reported in DS (Mann et al., 1985) . Indeed, reduced NA concentrations were measured in various brain areas and in serum of DS patients (Coyle et al., 1986; Godridge et al., 1987; Reynolds and Godridge, 1985; Whittle et al., 2007; Yates et al., 1981) . Although this would theoretically lead to decreased CSF and blood levels of the freely-diffusing MHPG, no significant differences have been reported in DS so far Schapiro et al., 1987) . In agreement with the LC degeneration in DS, we demonstrated that serum levels of both NA and MHPG were significantly decreased in DS individuals, compared to healthy controls (Table 4. 3).
Resembling DS individuals, AD patients also present a significant loss of noradrenergic neurons in the LC, which correlates well with the cognitive dementia symptoms (Bondareff et al., 1982; Grudzien et al., 2007) . Indeed, reduced NA concentrations were found in multiple areas of post-mortem AD brains (Palmer and DeKosky, 1993) . However, AD brain studies reported reduced, unaltered or elevated MHPG levels (Cross et al., 1983; Palmer and DeKosky, 1993; Storga et al., 1996) . With respect to CSF and plasma concentrations, significantly increased NA and MHPG levels were found in patients with advanced AD, compared to subjects with moderate AD or control subjects (Raskind et al., 1984) . In agreement, we observed increased NA levels in the serum of demented DS subjects (Table 4. 3). On the contrary, serum MHPG levels were significantly decreased in the demented and converted DS subjects compared to the nondemented group. Indeed, further LC degeneration in DS with AD and subsequent reduced NA levels would logically result in reduced serum MHPG levels, as this metabolite diffuses freely over the BBB. Consequently, the ratio MHPG:NA, reflecting the noradrenergic catabolism, was significantly decreased in demented and converted group, compared to the non-demented DS subjects. These results demonstrate that noradrenergic metabolism might be disturbed in DS depending on the presence or absence of (emerging) AD.
Apart from LC degeneration in DS and AD, aberrant enzymatic activity might influence the levels of NA and MHPG as well. For instance, a significantly reduced activity of plasma dopamine-β-hydroxylase, which catalyzes the conversion of DA into NA (Trillo et al., 2013) , was previously reported in DS (Coleman et al., 1974; Lake et al., 1979; Wetterberg et al., 1972) . Subsequently, the conversion of NA into MHPG involves multiple pathways in which the monoamine oxidase A (MAO-A) and catechol-O-methyltransferase (COMT) enzymes play dominant roles (Eisenhofer et al., 2004; Trillo et al., 2013) . Indeed, various, but not all, studies reported a significantly reduced platelet MAO activity in DS (Benson and Southgate, 1971; Fowler et al., 1981; Lott et al., 1972) . Moreover, a significantly higher COMT activity was observed in red blood cells of DS children, compared to age-matched controls (Gustavson et al., 1973) . To what extent the inconsistent decrease in MAO and increase in COMT activity relate to the strongly decreased MHPG values in demented and converted DS subjects remains to be elucidated.
Whether serum NA values reflect central noradrenergic activity is questionable. The BBB, formed by a tightly sealed capillary endothelium, ensures a restricted exchange of a variety of components, including NA/A. However, several monoamine transporters are present, enabling regulated blood-to-brain or brain-to-blood transport. Indeed, NA transporters have been found in the BBB, which suggests the exchange of NA (Ohtsuki, 2004) . To that end, various studies used plasma MHPG levels as an indication of noradrenergic metabolism in the brain (DeMet and Halaris, 1979; Elsworth et al., 1982; Herrmann et al., 2004; Kopin, 1985; Raskind et al., 1984) . In particular, it has been described that brain NA accounts for 50% of the circulating MHPG (Coyle et al., 1986) . However, others argued that most plasma MHPG is not derived from the CNS, but predominantly from skeletal muscles (Lambert et al., 1995b) or through O-methylation of the sympathetic NA metabolite 3,4-dihydroxyphenylglycol (Eisenhofer et al., 2004; Goldstein et al., 2003) . However, whether the reduced MHPG levels in the demented and converted DS groups are associated with altered peripheral MHPG production, is unclear. In fact, it has been reported that people with DS, just as control individuals, presented a physiological rise in plasma NA in response to stress, suggesting that their sympathetic nervous system is functionally intact (Lake et al., 1979) . Nevertheless, serum concentrations of both NA and MHPG showed significant differences between the three diagnostic categories in DS. Irrespective of its origin, serum MHPG might potentially be a biomarker that monitors and possibly predicts the conversion to AD in DS.
Moreover, we observed interesting correlations between plasma Aβ 1-40 and Aβ 1-42 levels and the noradrenergic system (section 4.3). In particular, the MHPG:NA ratios in the demented DS group were inversely associated with Aβ 1-42 :Aβ 1-40 ratios, meaning that a preferential increase of Aβ 1-40 over Aβ 1-42 might be linked to an accelerated/altered catabolism of NA into its main metabolite, i.e. MHPG. Furthermore, MHPG levels in the demented group were significantly (positively) correlated with Aβ 1-40 levels, whilst the MHPG values in the non-demented DS subjects were inversely correlated with Aβ 1-40 levels. This Aβ 1-40 difference might therefore be important with regard to our serum MHPG levels (and MHPG:NA ratios), which were significantly lower in demented DS subjects compared to their non-demented counterparts (Table 4. 3). Even though the interaction between Aβ pathology and the monoaminergic system is AD and DS is currently far from understood, it was recently shown that neuronal-like chromaffin cells, upon stimulation, co-secrete Aβ 1-40 and Aβ 1-42 with dopamine and (nor)adrenalin (Toneff et al., 2013) , and that progressive deposition of Aβ in the forebrains of APPswe/PS1∆E9 mice, a transgenic mouse model of AD, is associated with significant loss of noradrenergic neurons (LC), dopaminergic (vental tegmental area, but not substantia nigra) and serotonergic (raphe) neurons (Liu et al., 2008) . Therefore, further studies are required to elucidate the underlying biological mechanisms, especially focusing on the link between Aβ and the noradrenergic system. Importantly, mounting evidence implicates aberrant noradrenergic neurotransmission in the cognitive deficits in DS, hinting at novel therapeutic targets. Besides the aforementioned degeneration of LC neurons in DS individuals, which is likely to deteriorate with the onset of AD, recent findings in Ts65Dn mice demonstrated that restoring NA neurotransmission improved learning and memory (Salehi et al., 2009) . The Ts65Dn mouse is the most widely used animal model of DS and contains a duplicated part of the mouse chromosome 16 that is translocated to a small segment of the mouse chromosome 17, causing it to be trisomic for about 50% of the HSA21 genes (Davisson et al., 1990; Reeves et al., 1995) . Ts65Dn mice present learning and memory deficits that are comparable to those seen in people with DS. In particular, hippocampus-dependent learning tasks are impaired in Ts65Dn, which corresponds to the pronounced reduction in hippocampal volumes, hippocampal dysfunction and contextual learning impairment in DS (Aylward et al., 1999; Faizi et al., 2011; Salehi et al., 2009) .
Indeed, Ts65Dn mice present deficiencies in central noradrenergic transmission (Dierssen et al., 1997 ) and significant LC degeneration (neuronal loss and shrinkage) with aging, primarily in the rostrocaudal part of the LC, which has extensive projections to the hippocampus (Lockrow et al., 2011; Salehi et al., 2009 ). Accordingly, a significant agerelated decrease in hippocampal NA concentrations was found, pointing at aberrant functioning of the terminals of LC neurons. Interestingly, the loss of LC neurons in Ts65Dn was prevented by deletion of the third copy of App, suggesting that LC degeneration depends on App overexpression. In contrast to the loss of LC neurons, the postsynaptic cells that receive innervation from these LC neurons remained intact and responsive to NA receptor agonists (Salehi et al., 2009) . Importantly, impaired hippocampal-dependent contextual learning (nest building and fear conditioning) was restored by treating Ts65Dn with the NA prodrug L-threo-3,4-dihydroxyphenylserine or the β1-adrenergic receptor agonist xameterol (Salehi et al., 2009) . Accordingly, altered noradrenergic neurotransmission might be related to the pronounced learning and memory impairment and early-onset AD in DS individuals. An important target for noradrenergic projections is the hippocampus, and indeed, hippocampal dysfunctioning has been observed in DS (Pennington et al., 2003) . Therefore, restoring physiological noradrenergic functioning might offer a new avenue to treat the cognitive deficits in DS.
Serotonergic system
Serotonin is produced in neurons of the dorsal and median raphe nuclei. Their axons project to many brain structures in the limbic system and the cerebral cortex (Lanctôt et al., 2001) . In DS, reduced levels of 5-HT and its major metabolite 5-HIAA have been demonstrated in the frontal cortex of fetal tissue (Whittle et al., 2007) and in the caudate nucleus of post-mortem adult brains (Seidl et al., 1999) . In addition, lower 5-HT and 5-HIAA levels were found in respectively the temporal cortex and thalamus of DS tissue samples (Seidl et al., 1999) . Apart from central production, however, 5-HT is also produced in the periphery by gastrointestinal enterochromaffin cells, which predominantly accumulates in platelets (Lambert et al., 1995a) . Multiple studies have demonstrated a significant reduction of 5-HT in whole blood (Rosner et al., 1965; Tu and Zellweger, 1965) and platelets (Boullin and O'Brien, 1971; Lott et al., 1972) of DS subjects. In agreement, the current study revealed significantly reduced 5-HT serum levels and an increased 5-HIAA:5-HT ratio in DS compared to healthy control individuals (Table 4. 3).
In addition, a loss of serotonergic neurons has been reported in AD (Bowen et al., 1983; Mann and Yates, 1983) . Consequently, post-mortem studies revealed significantly reduced concentrations of 5-HT and 5-HIAA in various brain areas and CSF of AD patients (Lanari et al., 2006; Volicer et al., 1985) . Whereas our serum analyses did not reveal significant differences in 5-HT levels between DS subjects with and without AD, serum 5-HIAA concentrations were significantly reduced in converted subjects compared to the demented and non-demented groups (Table 4. 3).
Again, it remains unclear whether these serum 5-HT concentrations reflect CNS activity. Although it has been suggested that low 5-HT levels in platelets relate to CNS defects (Lott et al., 1972) , 5-HT cannot readily cross the BBB. Hence, serotonin transporters are present in the BBB to clear 5-HT from the brain (Blakely et al., 1994; Ohtsuki, 2004) . Increased serotonin transporter levels have been observed in the frontal cortex of adults with DS (Gulesserian et al., 2000; Walker et al., 2011) . Previously, plasma 5-HIAA concentrations were reported to indicate central serotonergic activity (Meltzer, 1989) . However, Lambert et al. (1995a) have argued that 5-HIAA is only a weak and indirect measure of the 5-HT metabolism in the CNS. That is, 5-HIAA in plasma is hardly derived from the brain and mainly a product of 5-HT metabolism in peripheral areas, especially the gastrointestinal system.
Dopaminergic system
DA is produced by midbrain neuronal cells, specifically those in the substantia nigra and the ventral tegmental area, and regulates motor activity, emotions, but also cognitive functioning in cortical areas (Lanari et al., 2006; Nieoullon, 2002) . Experimental studies in rats and primates revealed that lesions of dopaminergic neurons, especially those of the mesocorticolimbic tracts, caused cognitive deficits (Nieoullon, 2002) . Interestingly, a neuropathological study by Mann et al. (1987) revealed pronounced cell loss in the ventral tegmental area of DS brains, whilst the cell number in substantia nigra was not significantly reduced. Whereas the dopaminergic neurons of the substantia nigra project to the basal ganglia, the cells of the ventral tegmental area project predominantly to frontal and limbic areas (Mann et al., 1987) . Indeed, lower DA concentrations have been reported in the frontal cortex of fetal DS tissue (Whittle et al., 2007) . However, in the serum we observed the opposite: significantly higher levels of DA and its metabolite HVA in serum of DS, compared to healthy controls. In addition, significantly lower DOPAC:DA and HVA:DA ratios were observed in DS (Table 4. 3). Possibly, this relates to the aforementioned reduction in plasma dopamine-β-hydroxylase activity in DS (Coleman et al., 1974; Lake et al., 1979; Wetterberg et al., 1972) , leading to decreased conversion of DA into NA and thus to higher DA concentrations in the blood. Furthermore, COMT is involved in the conversion of DA into HVA and its increased activity in DS might thus relate to the higher serum HVA values (Gustavson et al., 1973; Trillo et al., 2013) .
Resembling the DS pathology, severe atrophy of the ventral tegmental area was also observed in AD brains, while the substantia nigra was less damaged (Mann et al., 1987) . Accordingly, reduced DA concentrations have been found in several post-mortem brain areas of AD patients (Storga et al., 1996) . Similarly, we showed that serum DA levels were significantly lower in demented DS subjects compared to the converted and nondemented DS group, although they are higher compared to controls (Table 4. 3).
Under normal circumstances, DA does not cross the BBB. Although cerebrovascular dysfunction has been reported in sporadic AD, it remains questionable whether serum DA levels reflect central nervous activity (Goldstein et al., 2012; LangeAsschenfeldt, 2013) . The DA metabolite HVA might be a more appropriate correlate, as its plasma levels have been reported to accurately indicate dopaminergic metabolism in the brain (Coppus et al., 2007; Kendler et al., 1982) . However, Eisenhofer et al. have argued that dopamine metabolites in blood are mainly derived from non-neuronal sources, such as the gastrointestinal tract and due to DA catabolism in the sympathetic nerves (Eisenhofer et al., 2004; Goldstein et al., 2003) .
In conclusion, we report 13 significant differences in serum concentrations of biogenic amines and their metabolites between demented, converted and non-demented DS subjects. Although it may be disputed whether these serum levels reflect central nervous activity, our results point at an ongoing process of monoaminergic alterations in serum, which might be related to the absence, presence or progression of AD in DS.
Monoaminergic pathophysiology of individual BPSD items in demented, converted and non-demented DS subjects
Although the noradrenergic, dopaminergic and serotonergic cell bodies constitute less than 1% of the total population of neurons in the mammalian CNS, their axons connect to a wide range of brain areas, thereby influencing behaviour (Palmer and DeKosky, 1993) . Here, we revealed a range of associations between specific monoaminergic alterations in serum and probable BPSD items that were extracted from the DMR and SRZ questionnaires. The subsequent sections discuss only associations that remained significant after Bonferroni correction (P<0.0167), which are printed in bold in Tables 4.4 , 4.5 and 4.6.
Paranoid and delusional ideation
Although paranoid and delusional ideation is a less common BPSD item in AD, it is relatively persistent (Eustace et al., 2002) . Delusions are beliefs, e.g. about theft or threats, which are characterized by an indifference to contradictory evidence (Pankow et al., 2012) . Although the neurobiology underlying paranoid and delusional ideation is currently far from understood, dopamine dysfunction is often associated with delusions (Pankow et al., 2012) . However, data from this study show that serum levels of DA and its metabolites HVA and DOPAC did not reveal any significant differences between subjects with and without paranoid and delusional ideation. Next to DA dysregulation, involvement of the serotonergic system has been described. For instance, the selective serotonin receptor antagonist ondansetron improved delusional ideation and confusion in Parkinson's disease patients (Melamed et al., 1999) . Although the decreased serum 5-HT levels in the demented DS subjects with paranoid and delusional ideation (Table 4 .4) and an increased 5-HIAA:5-HT ratio in paranoid demented and non-demented DS subjects (Table 4 .4 and 4.6) suggest a role for the serotonergic system, these results did not remain significant after the Bonferroni correction was applied.
Apathy (affective disturbances)
Apathy is the most common individual BPSD item (Mega et al., 1996; Mitchell et al., 2011) and is defined as a diminished level of motivation (Marin, 1996) . Recently, Ball et al. (2010) reported that most DS subjects with a memory decline showed higher 'disinhibition' and 'apathy' scores, compared to those without such a decline. Interestingly, the apathy-related circuitry includes the substantia nigra, thereby pointing at dopaminergic involvement (Alexander et al., 1986; Ball et al., 2010) . Accordingly, the present study revealed a significantly increased DOPAC:DA ratio in apathetic converted DS subjects compared to non-apathetic converted individuals (Table 4 .5). However, these results should be interpreted cautiously, as the number of apathetic individuals in the converted group was rather small (n=4). In addition, we demonstrated significantly increased serum A levels in apathetic demented subjects, compared to the non-apathetic demented DS group (Table 4 .4) and decreased serum A levels in apathetic non-demented individuals, compared to their non-apathetic group members (Table 4 .6). To our best knowledge, this is the first study that demonstrates this association. Future studies should thus re-examine these relationships by using validated rating scales for apathy.
Depression (affective disturbances)
The serotonergic hypothesis is a widely accepted hypothesis for major depression stating that low concentrations of tryptophan, the precursor of 5-HT, and reduced serotonergic functioning are related to depression (Sublette and Postolache, 2012) . In addition, 5-HT may inhibit DA release via 5-HT 1A receptors and the dopaminergic metabolite HVA is implicated in AD with depression (Lanctôt et al., 2001; Stuerenburg et al., 2004; Vermeiren et al., 2014) . Here, we did not observe any significant difference in serum concentrations of serotonergic or dopaminergic compounds between depressed and non-depressed DS subjects, although a strongly reduced DOPAC:DA ratio was observed in the depressed converted group (n=4), compared to non-depressed converted DS subjects (n=14). Furthermore, significantly lower serum NA levels were observed in depressed converted subjects compared to the converted group without depression (Table 4 .5). Indeed, a dysregulated NA neurotransmission is frequently implicated in the dominant monoaminergic hypothesis for depression (Moret and Briley, 2011) .
Aggressiveness
Aggressiveness has been described to be inversely correlated with 5-HT concentrations (Duke et al., 2013) . For instance, Lanctôt et al. (2001) linked aggressiveness in AD patients to a decreased serotonergic and a preserved or increased noradrenergic activity. The current results revealed a significantly elevated 5-HIAA:5-HT ratio (reflecting increased 5-HT catabolism) and higher NA levels in aggressive non-demented subjects, compared to their non-aggressive counterparts (Table 4 .6). Moreover, dopaminergic dysfunction has been shown to be involved in aggressive behaviour in AD (Lanari et al., 2006; Lanctôt et al., 2001) . Accordingly, significantly lower serum DA levels were observed in serum of aggressive and demented DS individuals (DMR 31) in comparison with the non-aggressive demented subjects (Table 4 .4). In conclusion, these results, regardless of the direction of the concentration changes, might indicate that the serotonergic, dopaminergic and noradrenergic systems are significantly altered with regard to (dementia-related) aggression in DS.
Diurnal rhythm disturbances
In up to 40% of AD patients, marked sleep disturbances have been reported (Moran et al., 2005) . Studies have revealed involvement of the serotonergic, dopaminergic and noradrenergic pathways in the regulation of arousal and sleep-wake cycles. These neuronal systems may be affected by neurodegeneration in AD, thereby attributing to sleep disturbances (Vitiello and Borson, 2001 ). However, we did not observe a significant relation between monoaminergic serum concentrations and the presence or absence of diurnal rhythm disturbances in any of the three DS groups.
Evidently, the relationship between individual BSPD items and monoaminergic changes is complex. It is conceivable that the neurobiology underlying BPSD is not simply related to alterations in a single neurotransmitter system, but rather depends on a complex interaction and a shifted balance between different systems. Due to the lack of a validated questionnaire for BPSD in DS, the current study determined the presence or absence of these behavioural changes by using scores obtained from questionnaires that were not developed for diagnosing BPSD. Therefore, cautious interpretation of the presented results may be required. The great burden that BPSD cause on patients, caretakers, family and society illustrates the need to develop such a validated behavioural questionnaire for DS.
Study strengths, limitations and future directions
The accuracy of detection was demonstrated by reference plasma concentrations of HVA and 5-HIAA, which were previously determined by Coppus et al. (2007) in the same DS subjects. These values had the same order of magnitude as the currently analysed HVA and 5-HIAA concentrations in serum (Table 4. 3). Accordingly, we might conclude that an additional storage time of approximately six years after the first plasma analyses, as well as the different storage temperature (plasma was stored at -80°C, serum at -20°C) did not accelerate degradation of the serum biogenic amines and their metabolites. In addition, Kay et al. (1987) measured 5-HIAA, HVA, NA and MHPG in plasma of other DS subjects using RP-HPLC with electrochemical detection. The order of magnitude for 5-HIAA, HVA and NA corresponds to our results, with the exception of MHPG. This might be explained by the limited number of DS subjects with an age corresponding to the current elderly cohort (n=3) and the fact that subjects had to follow a three-day diet that was low in monoamine precursors. In short, our optimized RP-HPLC with electrochemical detection method was reliable, robust and sensitive for the simultaneous determination of eight monoamines and metabolites with a low detection limit, high repeatability and recovery, short runtime and measurements in duplicate. All analyses and sample preparation procedures were performed by the same two trained scientists, thereby achieving a low inter-assay variability.
However, despite the low detection limits for all measured compounds, which enable accurate measurements of very low levels , DOPAC and DA sometimes remained below detection limit. In addition, to establish the prognostic value of any of the monoaminergic alterations that were observed in the current cross-sectional design, future longitudinal studies should combine a clinical follow-up with prospective sampling procedures.
This study included participants on psychotropic medication at the time of blood collection. To address this issue, we performed additional statistical analyses, which showed that most of the results described above were not influenced by psychotropic medication. However, if certain monoamines and metabolites might be affected by medication (see section 4.3), cautious interpretation of these data is required. As for future research, the use of medication should be closely monitored, as psychotropic drugs may alter monoaminergic levels and camouflage specific BPSD features. Furthermore, in the non-demented DS group, serum MHPG levels correlated significantly with age (data not shown; P=0.022, r= +0.324, n=50), although the non-demented DS individuals were the youngest compared to the other groups (Table 4 .2). In further studies, it would thus be advisable to include study groups without significant age differences, if possible, as well.
Moreover, as no validated questionnaires for BPSD in DS are available, the present study determined the presence or absence of these behavioural changes by using scores from functional questionnaires for AD in DS that do not specifically focus on BPSD. Although this might be indicatory of the relationships between specific behavioural alterations and changes in the levels of biogenic amines and their metabolites, data from this study should be interpreted with caution.
Conclusion
In conclusion, the current study observed several highly significant differences in serum levels of eight biogenic amines and metabolites between demented, converted and nondemented DS subjects, suggesting that monoamine dysregulation is associated with the dementia status in DS. Strikingly, DS subjects with MHPG levels below median had a more than tenfold increased risk of developing dementia, demonstrating that serum concentrations of MHPG might serve as predictive marker for conversion to AD in DS. Further longitudinal studies are required to confirm its usefulness as a predictive marker. Moreover, significant monoaminergic alterations were related to probable BPSD itemsparanoid and delusional ideation, apathy, depression and aggressiveness. These findings further indicate that monoaminergic dysregulation is an underlying biological mechanism associated with BPSD and demonstrate the need to develop validated rating scales for BPSD in DS.
